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Abstract 
This work presents multiphysics finite element model and results of transient analysis of both a stand-alone as well as polymer-
encapsulated piezoelectric-semiconducting ZnO nanowire with Schottky contacts and external capacitive circuit. It is intended to 
function as a single “piezotronic pixel” in a matrix of interconnected ZnO nanowires performing dynamic pressure sensing, which 
could be used in a fingerprint sensor for the ultraprecise reconstruction of the minutiae points and pores. The modeled ZnO 
nanowire is subjected to time-varying vertical force that is defined using either a half-harmonic or ramp-based function in order to 
imitate with different degree of approximation the actual pressing and release of a fingerprint sensor. Initial results of dynamic 
studies are presented, demonstrating variation of electrical outputs as a function of applied force amplitude and frequency, external 
capacitance as well as Schottky contact conditions and donor doping concentrations.    
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Piezoelectric nanotransducers have been gaining increasing research interest over the last decade [1-4] after Wang 
and Song published their pioneering work on the nanogenerator based on ZnO nanowire arrays [5]. Since that time 
various piezoelectric nanodevices have been developed to perform mostly energy harvesting or sensing functions. 
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(a) (c) 
Fig. 1. (a) Axisymmetric COMSOL model of a piezotronic sensor pixel – a single encapsulated piezoelectric-semiconducting 
ZnO nanowire (dNW = 800 nm, hNW = 5000 nm) with Schottky contacts, which are connected to an external capacitive circuit Ctot. 
(b) Equivalent circuit diagram of the modeled piezotronic sensor pixel. (c) Visualization of the compressed unencapsulated ZnO 
nanowire (displacement magnified) with distributions (from left to right) of potential, electron and hole concentrations (case of 
Fig. 2 for t = 2.38u10-3 s).    
 
These devices are implemented in a multitude of configurations with constituents in the form of nanorods, 
nanowires, nanotubes, nanobelts, nanofibers, nanofilms, etc. A wide range of piezoelectric materials are used for 
synthesis of nano-scale transducers including ferroelectrics (e.g. PZT, BaTiO3, KNbO3), semiconducting wurtzite 
compounds (e.g. ZnO, GaN, InN, CdS) and piezoelectric polymers such as PVDF [1,2]. ZnO has attracted the most 
interest so far due to relatively strong piezoelectric response as well as favorable combination of such properties as 
transparency, biocompatibility and high electron mobility. ZnO nanostructures have been used predominantly for 
development of nanogenerators [6], followed by various sensors (strain [7], pressure [8], gas [9]), resonators [10], 
transistors [11], lasers [12], etc. It was reported that in comparison to piezoelectric nanogenerators, there is much less 
research efforts dedicated to numerical modeling and analytical investigation of mechanical sensors based on 
piezoelectric nanostructures [13]. 
This paper reports on finite element (FE) modeling and dynamic analysis of both stand-alone and encapsulated 
piezoelectric-semiconducting ZnO nanowire with Schottky contacts and external capacitive circuit. The modeled 
system represents a “piezotronic pixel” of a prospective ultrahigh-resolution fingerprint sensor that is based on a matrix 
of interconnected ZnO nanowires for transducing deformation field into electrical signals. 
2. Multiphysics model of ZnO nanowire-based piezotronic pixel for pressure sensing   
COMSOL software was used to implement a 2-D FE model (axisymmetric) of a vertically-aligned ZnO nanowire 
that is subjected to a dynamic vertical load (Fig. 1). Three different physics interfaces were coupled in the model: 
Piezoelectric Devices, Semiconductor and Electrical Circuit. More specifically, the model includes: i) ZnO nanowire 
with its piezoelectric and semiconducting properties, ii) Schottky barriers at the top and bottom boundaries of the 
nanowire and iii) external capacitive circuit. Top and bottom boundaries of the nanowire are connected through 
Electrical Circuit interface to a capacitor Ctot (Fig. 1(b)), which represents total capacitance of readout circuitry in an 
integrated fingerprint sensor. In principle, the modeled electromechanical system constitutes an RC circuit, except 
that the series resistor is omitted here since it does not affect the magnitude of final (steady-state) output voltage 'V. 
Two versions of the model were implemented: nanowire encapsulated in a PDMS-based polymer (considered to be 
dielectric) as depicted in Fig. 1 and another – a stand-alone nanowire without the encapsulation. Simulation results 
provided in Figs. 2-5 were obtained with the latter model, where the top boundary of the nanowire is imposed with 
vertical time-varying load that is defined using half-sine function (FNW = Fv_sin(2Sfet)_) in order to approximately 
represent cycles of compression and decompression that occur during fingerprint sensor usage.  
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(a) (b) 
  
(c) (d) 
Fig. 2. Representative transient responses of ZnO nanowire tip displacement, voltage, current and charge outputs when vertical 
half-harmonic excitation force is applied on the top boundary of the nanowire (Ctot = 10 pF, Fv = 10 μN, fe = 100 Hz). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
Fig. 3. Log-log plots of (a) generated voltage change with peak current and (b) released charge with vertical tip displacement as a 
function of excitation force amplitude (Ctot = 10 pF, fe = 10 Hz). 
 
In the case of encapsulated model, the top surface of the polymer cap (Fig. 1(a)) is imposed with a compound load 
that is based on ramp functions (Fig. 6(b)). This ramp-based load is considered to be more realistic since it includes 
all the three phases that are present when a person uses a fingerprint sensor: pressing (ramp-up), holding and retraction 
of a finger (ramp-down). The Semiconductor interface of the model solves Poisson’s equation for the electric potential 
and the drift-diffusion equations for electrons and holes in a semiconductor material. Schottky contacts at the top and 
bottom boundaries (height of depletion region – 1% of the nanowire height) are treated as ideal, which implies that: 
i) the contact is a simple rectifying metal-semiconductor junction, which is characterized by a thermionic current and 
barrier height, ii) surface states, image force lowering, tunneling and diffusion effects are neglected in the computation 
of current transferred between the semiconductor and metal at the interface. During simulations the values of work 
function of metals for the bottom and top Schottky contacts were kept constant at )m1 = 4.8 V (Au) and )m2 = 5.8 V 
(Pt), respectively (except for the case in Fig. 5(a)). In the model ZnO is assumed to be n-type semiconductor with 
donor doping concentration kept constant at ND0 = 1012 cm-3 (except for the case in Fig. 5(b)). 
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(a) (b) 
Fig. 4. (a) Log-log plot of peak current as a function of frequency of half-harmonic excitation force of amplitude Fv = 1 μN      
(Ctot = 10 pF). (b) Log-log plots of generated voltage change and released charge as a function of external capacitance for a 
constant half-harmonic excitation with Fv = 1 μN and fe = 1 kHz. 
 
Furthermore, nonlinear contact-based coupling between the nanowire and polymer encapsulation was implemented 
on the basis of penalty approach. Consideration of mechanical interfacial effects (contact, friction) is important since 
it is reasonable to assume that during deformation process the surrounding polymer could detach from the nanowire 
and/or undergo slippage. In the current implementation of the model only normal contact force is considered, while 
friction is excluded. From mechanical point of view the developed FE model is treated as quasi-static (i.e. inertia is 
neglected), while electrically it is implemented as dynamic, i.e. transient analysis using time-varying excitation with 
vertical force is used to derive generated peak current _Ip_, relative voltage change 'V = _Vtot_max − Vin_, released charge   
'Q = _Qtot_max − Qin_ and vertical displacement of nanowire tip 'd = _dtot_max − din_ (Fig. 2). Here Vtot_max, Qtot_max and 
dtot_max denote maximum values of total voltage, charge and displacement outputs, respectively, while Vin, Qin and din 
– initial values of voltage, charge and displacement outputs, which are generated for zero vertical force (i.e. at t = 0). 
3. Simulation results 
A series of parametric transient analyses (representative results provided in Fig. 1(c) and Fig. 2) were conducted 
with the FE model of the stand-alone ZnO nanowire by varying amplitude and frequency of the applied vertical half-
harmonic excitation force, capacitance of external circuit as well as values of maximum donor doping concentration 
ND0 and metal work function )m2 (with respect to the constant value of )m1). The major purpose of these simulations 
was to examine the variations of peak current (_Ip_) and relative changes of voltage ('V) and charge ('Q) as a function 
of different loading, external circuit, doping and electrical contact conditions. Typical transient responses illustrated 
in Fig. 2 reveal that variations of voltage and charge outputs follow the load cycle of the nanowire (tip displacement 
in Fig. 1(a)) with voltage signal acquiring negative values. Meanwhile, the generated current changes from positive 
to negative values when the loading cycle transitions from compression to decompression. Simulations results in    
Fig. 3(a) demonstrate a linear relationship between _Ip_, 'V, 'd and vertical force amplitude, while in the case of 
released charge 'Q the corresponding linear dependence is slightly distorted. The model predicts that the relative 
change in voltage output induced by increasing mechanical load is very low with respect to the initial potential in the 
nanowire (Vin | 5.7 V), reaching mV levels only for relatively high force magnitudes of hundreds of PNs (this tendency 
is insensitive to increase in strain rate, i.e. higher excitation frequency fe). Under the condition of relatively low strain 
rate (fe = 10 Hz) peak current attains somewhat distinguishable values (on the level of aA) only for force magnitudes 
of tens of PNs (corresponding to strains larger than ~0.1%), when the number of released charges reaches several tens 
of electrons (Fig. 3(b)). For Fv < 1 PN the number of strain-induced charges is extremely small (on the level of 
elementary charge) and is insensitive to increase in strain rate. In comparison, number of released charges predicted 
by previously reported FE model of dielectric ZnO nanowire [14] is ca. 40  80 times larger with respect to the present 
model that accounts for the effects of semiconductor physics (similar results are also obtained for 'V). Meanwhile, 
intensification of strain rate is highly advantageous in terms of strain-induced current output. As Fig. 4(a) reveals, it 
is predicted that current in fA range may be generated for Fv = 1 PN via high-frequency excitation with fe > 1000 Hz.  
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(a) (b) 
Fig. 5. Plots of initial voltage and charge as a function of (a) work function of top Schottky barrier and (b) maximum donor 
doping concentrations for a constant half-harmonic excitation with Fv = 1 μN and fe = 1 kHz (Ctot = 10 pF). 
  
 
 
 
 
 
 
 
 
 
 
(a) (b) 
Fig. 6. (a) Plots of peak current as function of polymer cap thickness for varying Young’s modulus of the polymer when ZnO 
nanowire is subjected to vertical ramp load with Fv = 100 μN and release time of 0.2 s (Ctot = 10 pF). (b) Plot of the ramp load 
function constructed to imitate the actual pressing of a fingerprint sensor.  
 
The aforementioned results were obtained for the case of external circuit capacitance of Ctot = 10 fC, which is a 
value that could be expected for the associated readout circuitry of the piezotronic pixel in the actual fingerprint sensor. 
In addition, Fig. 4(b) demonstrates that the implemented model of piezotronic pixel exhibits consistent electrical 
behavior, i.e. larger capacitance of external circuit leads to decrease in voltage and increase in charge output in 
accordance with Q = CV. 
Parametric simulations were also conducted to examine electrical behavior of the model when subjected to varying 
semiconductor-related properties. Numerical results in Fig. 5(a) reveal that larger difference between Schottky barrier 
heights (metal work functions) for the top and bottom electrodes leads to linear increase in initial values of voltage 
and charge. However, change in )m2  )m1 has no influence on the electrical outputs of interest, i.e. _Ip_, 'V and 'Q. 
Similarly, these outputs are also not sensitive to variation in donor doping concentration ND0, though Vin and Qin 
undergo appreciable reduction in the region of 1017 – 1019 cm-3.  
Some initial parametric studies have been performed with the model of encapsulated piezotronic pixel, which in 
this case was subjected to dynamic excitation force (defined using ramp functions, Fig. 6(b)). Some of the design 
parameters of interest in the case of nanowire-based fingerprint sensor are the Young’s modulus of the encapsulating 
polymer and the height of the polymer layer (cap) that is placed above the nanowire array. Simulation results in    
Fig 6(a) indicate that softer polymer with Young’s modulus below 1 GPa is more preferable, though the difference in 
electrical outputs is not significant in the considered range of 0.5 – 5 GPa. Similarly, only slight dependence of 
electrical outputs on the height of polymer cap is observed, though the curves in Fig. 6(a) enable to identify the 
minimum cap height that should be exceeded in order to avoid reduction of the electrical output (for this particular 
case it should be at least 40 – 50% of hNW).       
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4. Conclusion 
This paper presented a dynamic finite element model and results of transient analysis of unencapsulated and 
encapsulated piezotronic pixel. It is composed of piezoelectric-semiconducting ZnO nanowire with Schottky barriers 
on both ends of the vertically-aligned nanotransducer including external capacitive circuit, which is included in order 
to imitate the readout electronics of a pressure sensor intended for ultraprecise extraction of the smallest fingerprint 
features. The encapsulated version of the model constitutes a nonlinear system both electrically and mechanically due 
to incorporation of Schottky contacts and effect of interfacial coupling (based on normal contact force) between the 
nanowire and the polymer filler. These models enable prediction of dynamic electrical response of the piezotronic 
pixel since the nanowire (in the unencapsulated case) or the polymer cap (in the encapsulated case) is loaded by a 
time-varying vertical force, which is defined either by the half-harmonic or ramp-based function. The models were 
used to conduct a parametric study with the purpose of analyzing the variations of peak current, released charge and 
relative change of voltage output as a function of different loading, external circuit, doping and electrical contact 
conditions. Generally, simulations predicted negligible electrical outputs for the vertical loads in the nN range since 
the released charge is on the level of elementary charge. Peak currents in fA range are generated for strain levels above 
~0.1% (corresponding to forces in the range of tens of PNs) and strain rate that is equivalent to harmonic excitation 
with 100 Hz frequency. Reported simulation results confirm the importance of maximizing the strain rate of the 
piezoelectric nano-sensor/generator in order to achieve more exploitable electrical output. Meanwhile, numerical 
results obtained from transient analyses predict that peak current, released charges and relative change of voltage are 
insensitive to variations both in difference between Schottky barrier heights for the top and bottom electrodes and 
donor doping concentrations (only initial voltage and charge magnitudes are affected). Simulations performed with 
the model of encapsulated piezotronic pixel suggest that softer polymer with Young’s modulus of less than 1 GPa 
would be a preferable choice for encapsulation of the nanowire-based pressure sensor.     
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